In many developmentally and functionally important higher plant plastid genes, expression depends on a specific nuclear-encoded RNA polymerase (NEP). Molecular mechanisms for NEP-mediated gene expression are poorly understood. We have improved a transient expression assay based on biolistics and the dual-luciferase reporter technique, which facilitated investigations into the regulation of plastid genes in vivo. We scrutinized the 5′-flanking region and the 5′-untranslated region (5′UTR) of accD, a plastid gene encoding a subunit of the prokaryotic-type acetyl-CoA carboxylase which is transcribed exclusively by NEP. The results indicated that two AT-rich sequences, one of them containing two overlapping YRTA-like motifs, were essential for accD expression in vivo. The results also revealed that the length of the 5′UTR rather than a particular sequence element was a determinant for the level of accD expression. Because transcripts accumulated in proportion to reporter enzyme activity and protein levels, and transcript degradation rates were independent of the nature of the 5′UTR, it was unlikely that the 5′UTR acts as a translational enhancer or a stabilizer of the transcripts. Therefore, the length of 5′UTR might be a factor contributing to the efficiency of NEP-dependent transcription in plastids.
Introduction
Plastids play a central role in metabolism. Although plastids possess their own genome and apparatus for protein synthesis, they are genetically semi-autonomous and require nuclear gene products for biogenesis and function. In higher plants, plastid genes are transcribed by at least two types of RNA polymerase. One is a eubacterial-type plastid RNA polymerase (PEP) consisting of four subunits. Its core subunits are encoded in the plastid genome. The subunit structure of the PEP complex is homologous to that of the multisubunit RNA polymerases of cyanobacteria, from which plastids originated through endosymbiosis (reviewed in Hess and Börner 1999) . In addition to PEP, a nuclear-encoded RNA polymerase (NEP) transcribes parts of the plastid genome. The subunit composition of NEP is not fully determined yet, but the catalytic core is known to resemble the single subunit RNA polymerases of T7 bacteriophages and mitochondria (Lerbs-Mache 1993 , Hedtke et al. 1997 .
The transcription initiation sites for NEP in the plastid genome were identified in plants lacking PEP activity and cultured cells, both of which had only non-photosynthetic proplastids (Hajdukiewicz et al. 1997 , Kapoor et al. 1997 , Miyagi et al. 1998 . These analyses also revealed that numerous genes related to photosynthesis are transcribed by PEP. On the other hand, genes encoding elements of the transcription/translation apparatus and metabolic enzymes are transcribed by both PEP and NEP, but with different transcription initiation sites. A few genes are transcribed exclusively by NEP (Hajdukiewicz et al. 1997, Liere and Maliga 1999) . One example is the rpoB operon, which includes the genes encoding three of the four PEP core subunits. Thus, NEP plays a fundamental role in the control of plastid gene expression. Another gene transcribed exclusively by NEP is accD (Allison et al. 1996 , Hajdukiewicz et al. 1997 , which encodes a subunit of the prokaryotic-type acetyl-CoA carboxylase (ACCase), an enzyme essential for de novo fatty acid biosynthesis in plastids (Sasaki et al. 1993) . Generally, NEP is involved in the transcription of genes that are necessary to maintain plastids as a compartment for specific metabolic pathways including the biosynthesis of amino acids and fatty acids.
The promoters utilized by PEP resemble eubacterial sigma 70 -type promoters that possess -35 and -10 consensus elements, whereas promoters of NEP-transcribed genes do not contain such elements (reviewed in Hess and Börner 1999) . Sequence alignments indicate that most NEP-dependent promoters share two characteristic regions (designated box I and II) (Kapoor et al. 1997 , Hübschmann and Börner 1998 , Miyagi et al. 1998 , Silhavy and Maliga 1998 . A YRTA (Y stands for T or C, and R can be A or C) motif resembling the conserved sequence of mitochondrial promoters is present within box I (reviewed in Hess and Börner 1999) . The functional signifi-cance of the box regions and the YRTA motif was confirmed by in vitro transcription assays using two NEP-dependent promoters, PrpoB-345 and PatpB-289 (Liere and Maliga 1999, Kapoor and Sugiura 1999) . However, corresponding in vivo analyses using plastid transformation techniques are scarce (Xie and Allison 2002) . Although these techniques are promising tools for in vivo investigations of gene expression in plastids, they are labor-intensive and time-consuming.
As an alternative approach, we previously have demonstrated the practicability of a biolistic transient expression sys- , and the relative LUC activity in tobacco BY-2 cells that transiently expressed these constructs (right). The 5′-flanking region and the 5′UTR of accD are indicated by black and grey bars, respectively. T, transcription terminator of the tobacco rbcL; TIS, transcription initiation site. Numbers indicate nucleotide positions relative to the TIS. The RLUC gene fused to the -99/+23 fragment of the 5′-flanking region of accD (the construct is not shown) served as an internal control co-introduced into the cells with the LUCconstructs. The LUC activity of each construct was normalized with RLUC activity, and is expressed in relative values. The activity of cells transfected with the d-535/+129 construct is set to 1, and values are means ± SD, n = 5. tem in analyzing plastid gene expression in vivo (Inada et al. 1997) . In the present study, we have used an improved transient expression system to elucidate the mechanisms of NEPdependent transcription. The improved system allowed us to characterize new cis-elements in the 5′-flanking sequence and a possible contribution of the 5′-untranslated region (5′UTR) to the NEP-dependent accD promoter activity.
Results

Transient assay system capable of monitoring NEP-dependent gene expression in plastids
To elucidate mechanisms of NEP-dependent transcription, we attempted to functionally characterize the accD promoter in vivo. To verify that gene expression in plastids can be analyzed with our biolistic transient gene expression system, a 663-bp sequence upstream of the translation start site (Fig. 1A ) was fused to green fluorescent protein (GFP) gene. As shown in Fig. 1B , plastid-specific expression of the fusion gene in BY-2 cells was confirmed, and the gene was not expressed in mitochondria.
For quantitative analyses in vivo, we improved our biolistic transient gene expression system in plastids (Inada et al. 1997) by the dual-luciferase reporter assay, which is an advanced co-reporter method integrating the firefly and Renilla luciferase (LUC and RLUC) assays. The 5′-flanking sequence and its deletion derivatives (Fig. 1C) were fused to the LUC reporter gene, and they were introduced into BY-2 cells by particle bombardment, together with a RLUC construct that served as an internal control. Deletion of a large part of the 5′-flanking region (-535 to -100) had no significant effect on LUC expression. In contrast, LUC activity increased dramatically when the downstream portion (+129 to +23) of the 5′UTR was deleted. When the 5′-flanking region was deleted almost completely, LUC activity dropped to close to background levels (Fig. 1C, d -3/+23). Better transport of smaller DNA fragments into plastids was evident only when the sizes of sample DNA fragments were different with several kb (Cerutti and Jagendorf 1995) . Because our reporter constructs had a similar plasmid size (approximately 5.0 kb) in spite of different deletions, all constructs were likely transfected into plastids with a similar efficiency, thereby reporting different promoter activities rather than different transfection efficiencies. Previous studies had suggested that the region -17 to +2 was essential for accD transcription (Hajdukiewicz et al. 1997, Liere and Maliga 1999) . Extending these findings, our results suggested the presence of positive element(s) in the 5′-upstream region (-99/-3) and negative element(s) in the 5′UTR (+23/+129).
Sequence elements in the 5′-flanking region of accD are essential for promoter activity
To exactly identify positive elements in the accD 5′-flanking region, a series of deletion constructs were made (Fig. 2) . Deletion of the sequence -99/-82 resulted in a slight increase in LUC activity, whereas removal of the sequence -72/-62 caused a substantial decrease. LUC activity further declined gradually with stepwise deletions from -62 to -15, and deletion of the sequence -15/-3 resulted in a near complete loss of activity. These results suggest that positive elements are located between position -72 and -62, and between position -62 and -15. Furthermore, the sequence -15/-3 could contain a minimal core sequence directly affecting accD expression.
We further characterized the putative positive element(s) of accD expression in the 5′-flanking sequence -72/-62. Although LUC activity was reduced only by a quarter by an internal deletion of the nucleotides on position -72 to -62, base-substitution (A to G and T to C) in the same region caused a more significant reduction. The reduced LUC activity was comparable to that induced by the d-62/+23 deletion construct (Fig. 3A) . Thus, the participation of the sequence -72/-62 of the 5′-flanking region as a positive element in the accD promoter activity was confirmed. There are two AT-rich motifs in the sequence -63/-4, which presumably contains positive elements (Fig. 3B ). These motifs are referred to as AT-rich I (-63/-29) and AT-rich II (-16/-4). Mutation constructs with base-substitution in these regions were created based on the d-99/+23 construct. A 16-bp mutation in AT-rich I (d-99/+23ATm2) did not affect the level of LUC activity (Fig. 3B ). However, an 11-bp mutation in -63/ -53 (d-99/+23ATm1) and an 8-bp mutation in -36/-29 (d-99/ +23ATm3) caused significant decrease and increase, respectively, in LUC activity. Base substitutions throughout AT-rich I (d-99/+23ATm4) or AT-rich II (d-99/+23ATm5) completely abolished LUC expression (Fig. 3B) . Apparently, both AT-rich motifs are sequence elements essential for accD expression.
In vitro analysis of the NEP-transcribed genes, rpoB and atpB, indicated that YRTA motifs upstream of the transcription initiation sites are critical for transcription (Liere and Maliga 1999, Kapoor and Sugiura 1999) . Two overlapping YRTA-like motifs exist in the AT-rich II sequence of the 5′-flanking region of accD (-9/-6 and -7/-4, Fig. 3C ). The significance of the YRAT-like motifs for accD expression was tested in the transient expression assay (Fig. 3C ). Base-substitution in the -9/-6 sequence almost halved LUC activity as compared with that derived from the d-99/+23 construct (-99/+23ATm15). Substituting the bases in the -7/-4 sequence had an even stronger effect (-99/+23ATm16). However, a complete inhibition of LUC expression, which was observed with deletion constructs (d-3/+23, d-3/+23, and d-99/+23ATm5; Fig. 2 and 3B, respectively), was only achieved when both YRTA-like motifs were mutated (d-99/+23ATm19). We conclude that the two overlapping YRTA-like motifs in the -9/-4 sequence are critical for accD promoter activity.
5′UTR is involved in the activity of the accD promoter
Constructs with deletion of the 5′UTR sequences downstream of position +23 induced a drastically increased LUC activity (Fig. 1) . To characterize the putative negative elements in the deleted sequence (+23/+129), a series of deletion constructs were tested with the transient expression assay (Fig.  4A ). Stepwise deletion from +129 to +23 resulted in a gradual increase in LUC activity. Further deletion from +23 to +10 caused a drastic reduction of activity. Therefore, negative element(s) appeared to be present between position +23 and +129, and that the sequence +10/+23 seemed to contain a positive element. Similar results were obtained in an analogous set of experiments using GUS as an alternative reporter gene (data not shown).
To exactly identify positive and negative elements within the 5′UTR, base-substitutions (conversion of A to G and T to C) were introduced either into the sequence +23/+129 at 20 nucleotide intervals or into the sequence +10/+23 at intervals of 2-6 nucleotides. Interestingly, none of these mutations had any significant effect on LUC activity (Fig. 4B) . However, different 47-nucleotide internal deletions within the 5′UTR equally increased the LUC activity, which was comparable to the activity induced by the d-99/+82 construct with another 47-nucleotide deletion (d-99/+82 in Fig. 4A , and d-99/∆+83 and d-99/ ∆+70 in Fig. 4C) . Therefore, the length of the 5′UTR itself rather than sequence-elements appeared to be a determinant for the expression level.
5′UTRs of plastid genes have been implied in post-transcriptional regulatory processes such as mRNA stabilization or the control of translation (reviewed in Gruissem and Tonkyn 1993 , Rochaix 1996 , Goldschmidt-Clermont 1998 . Thus, we estimated the LUC transcript levels by semi-quantitative RT-PCR to test whether they paralleled the LUC activity in the cells transfected with different reporter constructs (Fig. 5 ). Higher accumulation of the reporter transcript with deletion of the 5′UTR from +129 to +23 (d-99/+23) was suggested, and further deletion from +23 to +10 (d-99/+10) appeared to result in a pronounced decrease in the transcript level (Fig. 5A) . In analogous experiments with constructs in which LUC was replaced by the accD ORF, a similar pattern was obtained (Fig.  5B) . To directly investigate parallelism between the protein and the mRNA levels, we monitored the level of myc-tagged accD protein, which was expressed under the control of the -99/ +129, the -99/+23 or the -99/+10 region. As shown in Fig. 5C , relative protein levels agree with relative mRNA levels. Thus, the length of the 5′UTR influences the transcriptional efficiency or RNA stability rather than translational efficiency. The result shown in Fig. 5C also revealed that structural alteration around the translation start codon did not cause the different usage of translation start site.
We studied the stability of transcripts derived from the reporter constructs, d-99/+129 and d-99/+23, in transfected cells in the presence of actinomycin-D (act-D). This substance has been reported to inhibit NEP transcription of plastid genes (Liere and Maliga 1999) . When BY-2 cells were treated with act-D immediately after bombardment with 5′UTR deletion constructs, transcription from the constructs was completely inhibited (data not shown). As monitored by RT-PCR, transcript levels decreased over time after bombardment even in the absence of act-D (Fig. 6A) , presumably because of a slow degradation of the introduced plasmids. A much more rapid decrease of transcript levels was induced by act-D treatment 14 h after transfection (Fig. 6A) . This decline reflects transcript degradation. Act-D-induced decay rates of the d-99/+23 and d-99/+129 transcripts did not differ significantly. Thus, the 5′UTR of accD, i.e. the 5′-leader sequence of accD transcripts, does not appear to confer enhanced transcript stability. However, we cannot rule out a minor possibility that act-D might also inhibit synthesis of an unknown protein that binds RNA depending on the length of 5′UTR and stabilizes RNA, leading to similar stability of different RNAs. 
accD expression in intact tobacco leaves
accD expression in photosynthetically active chloroplasts of intact tobacco seedlings was also assessed (Fig. 7) . Northern analysis showed that the level of accD expression was much higher in developing young leaves than in fully expanded mature ones (data not shown). Therefore, deletion constructs (Fig. 7A, B) . This was consistent with results obtained with cultured cells (Fig. 7C) , indicating that the sequence elements and the length of the 5′UTR similarly play roles in the accD expression in both non-photosynthetical plastids of cultured cells and leaf cell chloroplasts.
Activity of chimeric accD-5′UTR
5′UTR fragments from other plastid genes (clpP, psbA, rbcL, atpB, and rpoB) were inserted between the 5′-flanking sequence (-99 to +23) and LUC of the d-99/+23 construct. The LUC activity induced by these constructs in the transient expression assay correlated sharply with the length of the 5′UTRs (Fig. 8) . When any 5′UTR fragment longer than the endogenous 129-bp 5′UTR of accD was inserted into the d-99/ +23 construct, the LUC activity was reduced to below that induced by the d-99/+129 construct.
Discussion
Transcription units of NEP-transcribed plastid genes have been studied in vitro (Hajdukiewicz et al. 1997 , Kapoor et al. 1997 , Miyagi et al. 1998 , Kapoor and Sugiura 1999 , Liere and Maliga 1999 . These approaches provided valuable information; however, detailed information on the functional structure of NEP-specific promoters is mostly lacking. In the present study, we used a modified transient expression system based on the dual-luciferase technique. The modified system improved performance regarding the quantitative reproducibility of experimental data and facilitated novel insights into the function of the NEP-specific accD promoter.
A previous study on the regulation of accD transcription using in vitro transcription assays had indicated that the sequence from -17 to +2 (with respect to the transcription initiation site, TIS) was sufficient for efficient transcription but did not eliminate the possibility that additional elements controlled transcription in vivo (Liere and Maliga 1999) . We analyzed the function of the sequence upstream of the accD translation start site in living cells. Our deletion analysis revealed several sequence motifs responsible for the basal activity of the accD promoter or the enhancement of the basal activity. The region from -99 to -72 is a positive element enhancing the basal promoter activity, whereas two AT-rich sequences (AT-rich I, -63/ -29; AT-rich II, -15/-4) include sequence elements necessary for basal promoter activity because mutations on AT-rich I or II abolished activity completely. Most NEP-specific promoters contain two conserved sequence motives, called box I and II (Kapoor et al. 1997 , Hübschmann and Börner 1998 , Miyagi et al. 1998 , Silhavy and Maliga 1998 . AT-rich II seemed similar to box I and included two overlapping YRTA motifs; this motif was shown to be critical for the initiation of NEP-dependent transcription by in vitro experiments Sugiura 1999, Liere and Maliga 1999 ). An equivalent of box II could not be found in the 5′-flanking region of accD. Because we showed that substitution of the overlapping YRTA-like motifs in AT-rich II resulted in a severe reduction of reporter activity (Fig. 3C, d -99/+23ATm19), these motifs also might play a role in the initiation of NEP-dependent transcription. In contrast, it is currently unclear how AT-rich I is integrated into the basal promoter activity. Because it is well known that plastids contain several classes of DNA-binding proteins (Sato 2001) , future studies on the interaction of proteins and the AT-rich sequence might reveal the function of AT-rich I.
Our deletion analysis suggested that the 5′UTR of accD also affected the expression level. This observation is not surprising, because 5′UTRs of plastid genes very frequently contain sequences similar to the bacterial Shine-Dalgarno sequence, which is the ribosome binding site (reviewed in McCarthy and Brimacombe 1994, Hirose et al. 1998) , and other cis sequences for translation initiation, which likely interact with nucleus-encoded translation activators (Sakamoto et al. 1994 , Hirose and Sugiura 1996 , Zerges et al. 1997 , Higgs et al. 1998 , Nickelsen et al. 1999 , Ossenbühl and Nickelsen 2000 . However, the results of mutation scanning showed no analogous functional sequence-specific DNA-protein interaction, in the accD-5′UTR. In contrast, different internal deletions in the 5′UTR similarly affected the expression of the reporter enzyme. Therefore, the sequence length of the 5′UTR but not any sequence element in the 5′UTR is critical for the determination of the expression level of accD.
We showed that the levels of transcripts with different 5′UTRs were in proportion with the reporter enzyme activity and protein levels, excluding the possibility that the 5′UTRs altered translational efficiency (Fig. 4, 5) . Specific regions in some 5′-leader sequences are known to determine the stability of plastid gene mRNAs in Chlamydomonas reinhardtii (Salvador et al. 1993 , Nickelsen et al. 1994 , Nickelsen et al. 1999 , Drager et al. 1998 , Vaistij et al. 2000 , Singh et al. 2001 ) and higher plants (Shiina et al. 1998 ). However, the possibility that the accD 5′-leader sequence did influence the stability of the accD mRNA is unlikely, because the reporter transcripts were degraded at similar rates regardless of the 5′UTR structure (Fig. 6) . The remarkable variability of the reporter activity in our analyses appeared to be indicative of variable rates of accD transcription. However, we cannot rule out a minor possibility that expression of an unknown RNA stabilizing factor that preferably binds to the shorter length 5′UTR was also inhibited by act-D, thereby leading to degradation of the transcripts having shorter 5′UTR length and longer 5′UTR length at similar rates. Therefore, this possible role of 5′UTRs in transcriptional control should be examined by further analyses. Role of 5′UTRs in plant transcriptional control have been demonstrated in only a few nuclear-encoded genes (Bolle et al. 1994 , Curie and McCormick 1997 , Hua et al. 2001 .
Note worthily, differences in luminescence intensity of intact tobacco seedlings transfected with a selection of our deletion and mutation constructs (Fig. 7) were consistent with the results of the transient expression of these constructs in non-photosynthetic BY-2 cells. Thus, the conclusions drawn from the results presented here probably apply to the regulation of accD expression in non-photosynthetic plastids as well as in photosynthetic chloroplasts.
We also showed that, when the accD-5′UTR was replaced with 5′UTRs of other tobacco plastid genes, the reporter activity changed in correlation with the length of the 5′UTR sequence (Fig. 8) . The result is consistent with our idea that the length of the 5′UTR is a factor for determination of proper level of accD gene expression. However, it is known that the 5′UTRs of plastid rbcL and psbA contain functional elements that confer transcript stability (Salvador et al. 1993 , Klein et al. 1994 , Shiina et al. 1998 , Singh et al. 2001 ) and translation efficiency Sugiura 1996, Eibl et al. 1999 ). Thus, further analysis is required for exact evaluation of the effect caused by the 5′UTRs of other genes and general discussion on the role of the length of 5′UTRs in plastid gene expression.
The regulation of plastid gene expression is important for the organization of the photosynthetic apparatus and plastidspecific metabolic pathways. Since NEP-transcribed genes play vital roles in plastid development, efforts have been made to elucidate control mechanisms of NEP-dependent gene expression. Here we have characterized several elements for accD transcription using an improved transient expression assay. Obviously, many questions are left unanswered. Our transient expression system provides a valuable tool for quick monitoring of gene expression, and will contribute to the comprehensive analysis of NEP-dependent gene expression in vivo.
Materials and Methods
Plant materials
Suspension cultured cells of tobacco BY-2 (Nicotiana tabacum L. cv. Bright Yellow 2) were maintained in modified liquid LS medium (Iida et al. 1990 ). For subculture, 0.4 ml of 7-day-old cells were transferred into 75 ml fresh medium and kept on a rotary shaker at 130 rpm in the dark at 28°C. Tobacco (N. tabacum cv. SR1) seedlings for transient expression assays were grown on MS medium (Murashige and Skoog 1962) containing 3% sucrose and 1.5% agar for 2 weeks at 26°C under continuous light.
Construction of reporter plasmids for transient assays
The modified LUC having a unique NcoI site at the translational ATG codon was generated by PCR using the plasmid pDO432 (Ow et al. 1986 ) as a template and the primers 5′-GTACCATGGAAGACGC-CAAAAC-3′ and 5′-CATTTTACAATTTGGACTTTCC-3′ (the NcoI site is underlined). The amplified DNA fragment was inserted into the pGEM-T vector (Promega, Madison, WI, U.S.A.) , and the SpeI-SacII DNA fragment including the modified LUC was recovered from the resultant plasmid. Then, the fragment was inserted into pBluescripts II KS+ digested with SpeI and SacI, together with the SacI-SacII fragment of pHI111 including the tobacco rbcL terminator (Inada et al. 1997) , to generate a promoter-less reporter plasmid, pLUC. The reporter plasmid, d-535/+129, was produced by insertion of the DNA fragment corresponding to the 5′-flanking region and the 5′UTR of tobacco accD (from -535 to +129) into pLUC. The DNA fragment of the 5′-flanking region was obtained by PCR with tobacco genomic DNA as template, using the two primers, 5′-AAGCTTATTGCAATTA-AACTCGGCCC-3′ and 5′-CCATGGGCTATAAAATTATTTATTTG-3′ (a HindIII site and an NcoI site are underlined).
Another reporter plasmid (paccD-RLUC) used as an internal control was produced by replacing LUC in the d-99/+23 with RLUC. For this purpose, a modified RLUC with an NcoI site at the 5′-end and a SacI site at 3′-end was made by PCR using pRL-TK (Promega) as a template and a pair of primers (5′-CCATGGCTTCGAAAGTTTAT-GATCCAGAAC-3′ and 5′-CCGCGGTTATTGTTCATTTTTGAGAA-CTCGCTC-3′) with an NcoI or a SacI site (underlined).
To create a series of deletion constructs, the deletion derivatives with a HindIII site at the 5′-end and an NcoI site at 3′-end were PCRamplified with appropriate primers and the d-535/+129 as a template. The fragments were replaced by the HindIII-NcoI fragment of the d-535/+129. Similarly, mutation constructs with the base substitutions in the 5′-flanking region and mutation scanning constructs of the 5′UTR were created by the recombinant PCR technique using appropriate primer pairs. For creation of a series of 5′UTR constructs with altered lengths of the 5′UTR, the 5′UTR fragments of various plastid genes (clpP, psbA, rbcL, atpB, and rpoB) were sequentially fused to the 5′-flanking region of accD (the sequence from -99 to +23) by the recombinant PCR technique. The 5′UTR fragments from these plastid genes were truncated at position +23 (relative to respective transcription initiation sites). All constructs were verified by sequencing, and then plasmids for transient expression assays were prepared by the alkaline lysis method and purified by CsCl density gradient ultracentrifugation.
Functional analysis of the 5′-flanking region of accD using GFP
Plasmid for analysis of GFP expression under the control of the -535/+129 region of the accD gene was created by insertion of the -535/+129 fragment between the HindIII and NcoI sites of the plasmid pGFP (S65T) (Chui et al. 1996) . The plasmid was introduced into BY-2 cells by biolistics. Transfected cells were screened by confocal laser scanning microscopy (LSM 510, Zeiss, Oberkochen, Germany) with excitation at 488 nm, and GFP fluorescence was monitored in the green channel (BP 505-530). Mitochondria staining was performed with MitoTracker-Red (Molecular Probes) according to the recommendations of the manufacturer and the fluorescence was monitored in the red channel (LP 590). Fluorescence images were merged with interference contrast images using LSM 510 software.
Gene delivery and reporter enzymatic assays
Four days after starting a BY-2 subculture, 100 mg of the cells were collected on filter paper (ADOVANTEC No.2, 4.7cm diameter) by vacuum filtration and were subjected to particle bombardment. The bombardment was performed with the PDS/1000He Biolistic gun (Bio-Rad, CA, U.S.A.) at 6.2 Mpa as described previously (Inada et al. 1997) . Bombarded samples were incubated for 12 h at 28°C in the dark, collected, and then sonicated in cell lysis buffer (Promega) five times for 5 s on ice. Luciferase activity in the samples was measured using the Dual-luciferase reporter assay system (Promega) according to the recommendations of the manufacturer. LUC activity was normalized with RLUC activity derived from paccD-RLUC.
RT-PCR analysis of transcripts in bombarded cells
Total RNA was isolated from BY-2 cells incubated for 12 h after bombardment, using TRIZOL reagent (Invitrogen, CA, U.S.A.) according to the manufacturer's instruction. To avoid contamination with the plasmid DNA used in bombardment, RNA samples were treated with RQ1 RNase-free DNase (Promega). First-strand DNA was synthesized with 5.0 µg RNA and a LUC-specific primer (LUC-RT, 5′-AAGCTTCCATGGGGGG). The resulting cDNA was amplified by PCR with other LUC specific primers (5′-TGCTTCTGGTGGCGCTC-CCCTCTC-3′ and 5′-CGGGAAGACCTGCGACACCTGCG-3′), which were designed for annealing to the sequence upstream of the LUC-RT primer site. As a negative control, PCR was also carried out using RNA samples instead of first-strand DNA (data not shown). To monitor the transcripts containing the accD ORF, we introduced mutations on the accD ORF sequence at two sites. The mutations allowed us to distinguish the accD transcript derived from plasmids from endogenous accD transcript. The modified accD ORF sequence was replaced with the LUC reporter gene of the 5′UTR-deletion constructs (d-99/+129, d-99/+23, and d-99/+10).
Degradation of the LUC transcript in plastids was monitored using act-D (Sigma, MO, U.S.A.) which inhibits de novo RNA transcription in vivo. The BY-2 cells transfected with the d-99/+129 and d-99/+23, respectively, were incubated for 14 h to accumulate tran-scripts in advance of the Act-D treatments. Total RNA then was isolated at different times (0, 2, 6, and 12 h) after the start of Act-D treatment (200 µg ml -1 ), and was analyzed by RT-PCR. Reproducibility of the results of these RT-PCR experiments was ensured by at least three independent experiments.
Expression vector for myc-tagged accD and Western blot analysis
The synthetic DNA coding a single c-myc-tag (Jarvik and Telmer 1998) was fused to the 3′-end of the modified accD ORF, and then the LUC reporter gene of the 5′UTR-deletion constructs (d-99/+129, d-99/ +23, and d-99/+10) was replaced with the DNA fragment encoding accD-myc. Whole protein of BY-2 cells bombarded with an expression vector for myc-tagged accD was extracted with a sample loading buffer for sodium dodecylsulfate-polyacrylamide gel electrophoresis (Laemmli 1970) . Protein reactive with anti c-myc antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) was visualized with the ECL-plus Western blotting detection system (Amersham Bioscience, CA, U.S.A.).
Transient LUC expression assay in intact tobacco cells
Fifteen-day-old tobacco seedlings were used in the transient expression assay. Bombarded seedlings were incubated for 12 h under continuous light. Then they were sprayed evenly with 1 mM D-luciferin solution and kept in the dark for 5 min. Luminescence was monitored using a photon-counting VIM camera (Hamamatsu Photonics, Hamamatsu, Japan) as described previously (Matsuda et al. 2001) .
